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Signature of surface states on NMR chemical shifts: A theoretical prediction
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We show with arab initio calculation that electronic surface states have a strong effect on NMR chemical-
shift spectra. For the hydrogen-chemisorbed diam@ndd) surface, we find that the atomic layers close to the
surface experience a variation of the chemical shift, which is proportional to the density of empty surface
states. This effect could be used as a direct probe of the surface-state density profile, by measuring experi-
mentally the NMR chemical shift resolved for each atomic laj80163-18209)00523-§

In the bulk of a crystal, as a general consequence of latticen a surface, the polarization is preferentially transferred to
periodicity, the electronic states are extended. At a surfacthe nuclei close to the surface, whose signal is enhanced by
however, the translational symmetry of the crystal is brokenmany orders of magnituck’ Moreover, one can probe nu-
and localized electronic states, which are forbidden in theslei at different distances from the surface by changing the
bulk, can exist. These surface states decay exponential§ontact time, and thereby the penetration depth of the spin
from the surface into the bulk, and play an important role inpolarization
the electronic, chemical, and structural properties of the sur- A uniform, external magnetic fieldB ., applied to a
face. They can be detected by surface-sensitive experimenta@mple of matter induces an electronic current derkity,
techniques, e.g., with x-ray photoemission spectroscopy, uwhich gives rise to a nonuniform-induced magnetic field
traviolet photoelectron spectroscopy, or scanning tunnelin@®in(r)
microscopy. However, to our knowledge, only indirect ex- 20
perimental observations of the surface states’ decay have

. . 15 F ]
been reported.In this work, we present aab initio calcu-
lation of the'3C nuclear magnetic resonan@¢MR) chemi- . 0 B perpendicular to the surface ]
cal shifts of a diamond surface, using a recent theory devel-§ 5 -—-\ E
oped for condensed-matter systemis the atomic layers (%4 0 - —-n— - =]
close to the surface, we find surprisingly strong variations of 5t ]
the chemical shift, which are proportional to the probability 10t ]

density of an unoccupied surface state decaying into the
bulk. Using this effect, it would be possible to measure di-
rectly the decay length of the surface state with NMR. We
illustrate the impact of surface states on the NMR chemical
shifts for an ideal flat surface, however, we expect that a
similarly strong effect would occur also for different geom- € -
etries, e.g., in nanoclusters, or zeolites, whenever surface@_ .
states are present. RN
The relevance of our theoretical findings is further en- B parallel to the surface
hanced by recent experimental advances in surface NMR. To  ~
study surfaces with NMR, one needs to selectively enhance 30—~ "% %6 + & 5 10
the signal from surface atoms. This has been accomplished z
e.g., using optically pumped hyperpolarized gases. The NMR

Signal is proportional to thg.po'pulatio.n d?ﬁerence _in nuclear FIG. 1. The deviations of the chemical shift from the bulk value,
spin levels. At thermal _equmb_rlum, thls_d|ffe_re_nce is _usuaIIy 5/(2) (circles and 3, (z) (squarekare plotted for each C layer as a
less than 1 in 19 but with optical pumping, it is possible t0 fynction of the distance from the H layer. We also plot p(2)
reach values that are close to unity. These techniques haygamonds, wherep(z) is the square amplitude of the surface state
been used to increase the NMR signal'8fXe in the gas  at thel’ point, integrated over an atomic sphere centered at each C
and solid phase$pr adsorbed on surfacéd/ia cross polar-  site. The scale fop is chosen in such a way that, at the third layer,
ization, the *?°Xe polarization can be transferred to other —p(z) and 8)(2) coincide. Notice the close agreement between the
nuclei, such asH or *C>8In the case of'??Xe adsorbed two quantities. The lines are guides for the eye.

(Angstrom)
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FIG. 2. (Color) Current density
induced by an external magnetic
field Bey; parallel to the surface in

the (112 direction (coming out of
the page We show the current den-
sity in the (110 plane containing
the H atoms. We plot the difference
AJ(r) between the slab and the bulk
J(r). We do not plotAJ(r) above
the top C layer, which experiences a
different chemical environment
since it is bonded to the H layer.
The color coded density plot visual-
izes the square modulus of the sur-
face state at th€ point. Blue corre-
sponds to low and red to high
density. One can recognize the char-
acteristic p, shape of this state,
which leads to the different behav-
ior of &,(z) and §)(z) shown in
Fig. 1. Notice thatAJ(r) is larger
around the atoms on which the sur-
face state resides.

Bin(r)=— &(r)Bey- (1)  surface current$.As a consequence, the asymptotic bulk
value o(bulk) of the shift is different if the external field is

Here,&(r) is the chemical shift tensor, which is measured ataligned parallel or normal to the surface. We are interested
the nuclear positions by NMR. here in themicroscopicsurface effects, and therefore focus

The amplitude of8;,(r), even deep inside the bulk, de- on the deviation from these asymptotic bulk values at a dis-
pends on the shape of the sample and on the orientation ¢dncez below the surface,
the external magnetic field. This effect is well known from
classical magnetostatics, and is a signature of macroscopic 6,(z)=0,(2)—0a, (bulk),
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FIG. 3. Positions of the bulk and surface bands with respect to
the vacuum level, computed within DFT-LDA. FIG. 4. Density of the lowest unoccupied surface state al'the
point. The planar average density is plotted as a function of the
distance from the H plane. The positions of the H- and C-atom
6|(z)=o(z)— o(bulk), (2)  planes are indicated with open and filled circles, respectively.

where o, and o are the diagonal component éf in the

directions normal and parallel to the surface, respectitely. cyrrent density’ From the figure we see that)(r) is local-
We now consider a particular surface, which is the idealj;eq on circular orbits around the atoms. Moreover, we find

hydrogen-terminatedl11) surface of diamond, @11):H. In J(r) to be negligible on all the odd layers, in coincidence

our calculation, we mode! the surface using a repeated.sll ith a vanishing §)(z). These observations indicate that
geometry, and we describe the electronic structure Wlthln5

ey : . . . - . 0|(2) for a given atom is mostly determined by induced cur-
density-functional theory in the local-density approximation o -+e around that same atom.

(DFT-LDA)."* We computer, (z) anday(2) in the slab, and The trends observed faf, (2), &
X ; . '.(2), 6)(2), andAJ(r) are re-
o, (bulk) and o (bulk) in bulk diamond crystal following  |5teq {6 the electronic structure of the surface. Experimen-

Ref. 2. In Refs. 15 and 2, we have shown the excellent agree[é"y, the Q111):H surface exhibits a negative electron

ment of the present theory with the experimental data forafﬁmty’ls i.e.. the conduction-band minimum is found to be

various carbon systems. . .0.7 eV above the vacuum level. DFT-LDA reproduces this
The results of our calculation for the slab are presented B roperty'® In our calculation, the conduction band minimum
Fig. 1, where for each C layer we pl6|(z) andJ,(2) 8s a 5.4 the valence-band maximum are 0.76 eV above and 3.41
function of the distance from the H layer. With increasing o\ pelow the vacuum level respectivéte DFT-LDA fun-
z into the crystal, the shift approach_es the bulk vaIuc_a, andizmental gap being 4.17 @\Furthermore, we find a nonde-
3)(2) ands, (2) converge to zer8As Fig. 1 showsg, (2) is enerate, empty surface-state band with a minimum aF'the
positive, i.e., diamagnetic, and decays rapidly. When the,,ins of the Brillouin zone, 0.80 eV below the vacuum level.
field is parallel to the surface, the results are different and, occupied surface states are present. These results are de-
quite unexpected. We find thay is negative, i.e. paramag- picteq in Fig. 3. The plane in which the surface-state density
netic, and decays to zero much more slowly. Even five Goaches its largest valuerist located on a surface atom, but
layers deep |n.to the bulkg) is still —1.9 parts per million i1 the vacuum, 1.4 A away from the H plane as shown in
(ppm), a magnitude that can be detected experimentally. Thejg 4 |ndeed the surface band originates from vacuum free-
large 4 for the subsurface layeannotbe explained by &  gjectron states that are attracted by the tail of the potential
structural relaxation mechanism, since just the first C layefear the surface. These kinds of surface states are a general
relaxes significantly. We also note th@tof the even layers featyre of negative electron affinity surfaces, and are also
is essentially zero, and only the odd layers show a slowlyypserved in BN graphitic sheetd.
decaying . Finally, at the first layer, the change in the T4 ynderstand the role of the surface states, we analyze

isotropic shifté=(26)+ 6,)/3 is — 18.9 ppm. This paramag- the chemical shift by partitioning it into a diamagnetic and a
netic shift is contrasted by trends observed in saturated hy'?ramagnetic terrtf Unzagﬂrp, whereo- is the diagonal

drocarbons and in amorphous carbon, where a replaceme[% _ e
of a C-C single bond by a C-H bond moves the isotropicelement of the tensa¥ in the directionn, and
shift by betweent 2 and+ 13 ppm®>®i.e., in the opposite
direction.

To understand these surprising results, we consider the

current density induced by an external magnetic field parallel 5 occ Y
to the surface. To isolate the effect of the surface, we plot in Uﬁi:e_ i M o (3)
Fig. 2 the differenceAJ(r) between the slab and the bulk " mc r3
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o 2€° %C §p<¢i|ﬁ. LI (slr —3n-L| ) wherep(z) is .the integral of the square amplitude|gf,, )
on= - (4 over an atomic sphere of radius 0.42 A, centered at each C

m?c? T 5 €] &

site. The scale fop is chosen in such a way that, at the third
layer, —p(z) and §j(z) coincide. The close agreement be-
Here, |¢) are the eigenstates of the Hamiltonian for thetween —p(z) and §)(z) indicates thats; is indeed propor-
electrons with eigenenergieg, the indices andj run over tional to the square amplitude of the surface state. The agree-
the empty and occupied states, respectively,raaddL are  ment is not perfect for the first C layer, which experiences a
the position and the angular momentum operators relative tdifferent chemical environment since it is bonded to the H
the nucleus for whichs is computed* The diamagnetic layer. Finally, because of the symmetry of theLC1):H sur-

term ag is always positive, whereasg is usually negative. face, the expressiorﬁ( . L)|¢£urf> in Eq. (4) vanishe€? This

The presence of empty surface states in the gap increases teplains why the surface state does not contributegttﬁ the
paramagnetic termg, since the surface states lie below thefie|d directionn is perpendicular to the surface.

bulk conduction band, and hence the energy denominators in |n conclusion, we have shown that the presence of elec-
Eq. (4) become smaller. In particular, for the extra surface-tronic surface states has a strong impact on the NMR chemi-
state contributions, the numerator of E() would be cal shift of atoms near the surface. Unoccupied surface states
roughly proportional to the square amplitude of the surfaceause a paramagnetic deshielding proportional to their square
states on the atomic sifé.The diamagnetic termg, which  amplitude. This effect could be used as a means to measure

depends on occupied orbitals only, is not affected by emptyhe spatial extent of surface states.
surface states.

For illustration, we single out the state at thepoint, This work was supported by the NSF under Grant No.

r . DMR-9520554, by the Office of Energy Research, Office of
|#/su)» Which has ﬂ;e Iowes.t energy, and ShO_UId have theyic Energy Sciences, Materials Sciences Division of the
strongest effect o according to Eq(4). In Fig. 2, we s Department of Energy under Contract No. DE-AC03-
show as a color-coded density plot the square modulus 0f6SF00098, and by the Swiss NSF under Grant No. 20-
|45 The change in current densityd(r) is indeed larger  49486.96. Computer time was provided by the NSF at the
where the surface state prevails. In Fig. 1 we pigi(2), National Center for Supercomputing Applications.
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bond length of bulk diamondl.533 A). After relaxing the slab

by minimizing its total energy, the distance between the H and C
layer is 1.116 A. The distance between the first and second C
layer contracts to 0.479 A, which is 6% less than the corre-
sponding bulk value. Negligible relaxations of less than 1% are
observed for the deeper layers.
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211 principle, Egs(3) and(4) hold only in a finite system, since in
an infinite solidcrg and U'E individually diverge due to the con-
tributions at large. However we have shown that the deviation
of o(2) from its bulk value for a given atom originates from
variations of the current densityJ(r), localized around that
same atom. This justifies an estimation ©fz) — o(bulk) by
means of Eqs(3) and(4), with the spatial integrations restricted

inside the atomic spheres, whdrandm are integer] =0, —|
<ms=I, and the axis of quantization is perpendicular to the
surface. The surface possesses & t@@tion symmetry about a

Z axis intersecting the center of an atomic sphere. By this sym-
metry, the spherical harmonics coefficients of a nondegenerate
eigenstate at thé' point are zero, ifm# 3k, wherek is an
integer. Furthermore, in carbon the spherical harmonics coeffi-
cients withl>2 are known to be negligible, for states near the
gap. Under this assumption, the only nonzero coefficients would
be those withm=0, i.e., O, -L)|¢,»=0. The density plot in
Fig. 2 confirms this observation, sint. ) has the character-
istic shape of @, (Y}) state.



